Abstract: Due to multiple charge transport pathways, adjustable layer spacing, compositional flexibility, low manufacturing cost, and absorption of visible light, layered double hydroxides (LDHs) are a promising material for wastewater treatment. In this study, LDH films and Fe-doped LDH films with different metal ions (Ni, Al, Fe) on the surface of conductive cloth were successfully prepared and applied for the photocatalytic degradation of wastewater containing methyl orange and Ag ions under visible-light irradiation. The chemical state of Fe ions and the composition of LDHs on methyl orange photodegradation were investigated. The experimental results showed that LDH films exhibited high photocatalytic activity. The photocatalytic activity of LDH films on methyl orange improved in the mixed wastewater, and the Fe-doped NiAl-LDH films exhibited best visible-light photocatalytic performance. The analysis showed that Ag ions in the mixed wastewater were reduced by the LDH films and subsequently deposited on the surface of the LDH films. The Ag nanoparticles acted as electron traps and promoted the photocatalytic activity of the LDH films on methyl orange. Thus, we have demonstrated that prepared LDH films can be used in the treatment of mixed wastewater and have broad application prospects in environmental remediation and purification processes.
Introduction
Heavy metal ions and organic compounds are often discharged together during many industrial processes such as metal finishing, petroleum refining, and leather tanning and finishing, which indicates that the coexistence of heavy metal ions and organic compounds in wastewater is a common phenomenon [1] [2] [3] . For example, heavy metal ions such as Ag + , Cr 6+ , Cu 2+ , generated from rinsing of plated articles, often coexist with organic dyes such as methyl orange. Many studies have focused on single pollutant treatments, however, it is often difficult to treat mixed contaminants using photocatalysts designed for single pollutants [4] . Therefore, the design and preparation of photocatalysts which can be used to treat the mixed contaminants of heavy metal ions and organic compounds are very important for practical pollutant remediation.
Among the developed photocatalytic materials, layered double hydroxides (LDHs) can be considered ideal photocatalysts for the treatment of various types of pollutants due to multiple charge transport pathways, adjustable layer spacing, compositional flexibility, low manufacturing cost and
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Materials
Al(NO 3 2 ]), urea, methyl orange, and ammonium fluoride (NH 4 F) were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and used as received without further purification. The conductive cloth was purchased from Zhongyang shielding material production company, Guangzhou, China.
Synthesis of LDH Films
NiAl-LDH films were prepared using the method previously reported with some minor modifications [25] . The conductive cloth (2 cm × 6 cm) was cleaned with a mixed solution of deionized water, ethanol, and acetone (volume ratio, 1:1:1) in an ultrasonic bath for 30 min. Ni(NO 3 ) 2 ·6H 2 O (0.15 mol·L −1 ), Al(NO 3 ) 3 ·9H 2 O (0.05 mol·L −1 ), NH 4 F (0.2 mol·L −1 ), and urea (0.5 mol·L −1 ) were dissolved in deionized water under magnetic stirring to form a clear solution at room temperature. The conductive cloth was vertically placed in the solution without stirring and heated at 110 • C for 8 h to form a thin film on its bottom side, which was washed by deionized water. For NiFe-LDH films, Fe(NO 3 ) 3 ·9H 2 O (0.05 mol·L −1 ) was used instead of Al(NO 3 ) 3 ·9H 2 O. LDH powders were also prepared under the same experimental conditions as that of LDH films but without conductive cloth.
Fe-doped LDH films: LDH films were vertically placed in a (NH 4 ) 3 ·[Fe(Cit) 2 ] solution (0.01 mol·L −1 ) and heated at 75 • C for 12 h to form Fe-doped LDH films, which were cleaned with deionized water. For Fe-doped LDH powders, LDH powders were used instead of LDH films.
Characterization
X-ray powder diffraction (XRD) patterns were recorded using a D8 ADVANCE X-ray diffractometer (Karlsruhe, Germany) with Cu K α radiation (λ = 0.15406 nm). The scanning electron microscopy (SEM) images were recorded on a FEI-Sirion 200 F field emission scanning electron microscope (Hongkong, China). The transmission electron microscopy (TEM) images, high-resolution transmission electron microscopy (HRTEM) images, and the energy dispersive spectroscopy (EDS) spectra were taken with a FEI-Tecnai G2 field emission transmission electron microscope (Hongkong, China). The samples were obtained by peeling off LDH films from the substrate. Photocatalytic reactions were carried out using a 300 W Xe lamp as the light source and the light intensity in the visible region was about 85 mW·cm −2 . The UV-Vis diffuse reflectance spectra were recorded by a UV-Vis spectrophotometer (UV-3900H, Hitachi, Tokyo, Japan). Fourier transform infrared (FTIR) spectra were recorded by a Thermo Nicolet 5700 (Waltham, MA, USA). The chemical state of LDHs was investigated by X-ray photoelectron spectroscopy (XPS) on a ESCALAB 250Xi photoelectron spectrometer (Waltham, MA, USA) with Al K (1486 Ev) as the excitation light source. The N 2 adsorption/desorption tests were measured by Brunauer-Emmett-Teller (BET) measurements using a NOVA2200e surface area analyzer (Boynton Beach, FL, USA).
Photocatalytic Property Measurement
LDH films (2 cm × 6 cm) were immersed in a mixed solutions of methyl orange (20 mg·L −1 ) and AgNO 3 (0, 5, 10, 20, and 30 mg·L −1 ) and kept in the dark for 30 min to ensure adsorption-desorption equilibrium. The pH value of the solution was about 6. Samples were removed from the solution after various irradiation times and analyzed using a UV-Vis spectrophotometer at 464 nm. All photocatalytic experiments were repeated three times. The weight of the photocatalyst was calculated from the formula m = m 1 − m 0 , where m 0 and m 1 represent the weight of the substrate before and after LDH growth, respectively. The LDHs grown on conductive cloth were about 6.6, 6.9, 6.5, and 6.7 mg for NiAl-LDH films, NiFe-LDH films, Fe-doped NiAl-LDH films, and Fe-doped NiFe-LDH films, respectively. To test the photocatalytic performance of LDH powders, LDH powders (15 mg) were used instead of LDH films.
Results and Discussion
XRD analysis was performed to confirm the crystal structure and phase ( Figure S1 ). Both the structure of NiAl-LDH films and NiFe-LDH films matched well to the typical LDH lamellar structure (JCPDS File No. 48-0594 and 51-0463). According to the (003), (006), and (009) reflections, the basal spacing values were 0.756 nm (NiAl-LDHs) and 0.764 nm (NiFe-LDHs), which coincide well with the values for CO 3 2− -intercalated LDH materials [26] . The Fe-doped LDH films displayed a phase of lamellar structures with a slightly lower degree of crystallinity and basal spacing (0.755 and 0.762 nm for Fe-doped NiAl-LDH films and Fe-doped NiFe-LDH films, respectively) which was lower than that of Fe complex-intercalated LDHs (1.214 nm) [27] . This suggests that the interlayer ion of LDHs was CO 3 2− and that no Fe complex intercalated in the interlayer. According to the (003) crystal plane spacing, grain size and stacking numbers of LDHs in the direction of the c axis were calculated using the Scherrer formula. The grain size for NiFe-LDH films and NiAl-LDH films were 43.2 and 33.9 nm, respectively, whereas the stacking numbers for NiFe-LDH films and NiAl-LDH films were 57 and 45, respectively. The chemical state of Fe ions in the LDH films was investigated by XPS spectra. The peaks at 726.28 and 712.78 eV are attributed to the 2p1/2 and 2p3/2 spin states of Fe(III) for LDH lamellar structure [28] [29] [30] [31] [32] as seen in Figure 1a . After Fe ion doping, the positions of Fe 2p3/2 were basically the same (within the experimental uncertainty [33] ), while the peaks for Fe 2p1/2 in both LDH films showed a negative shift of~0.4 and 0.6 eV, as shown in Figure 1b LDH growth, respectively. The LDHs grown on conductive cloth were about 6.6, 6.9, 6.5, and 6.7 mg for NiAl-LDH films, NiFe-LDH films, Fe-doped NiAl-LDH films, and Fe-doped NiFe-LDH films, respectively. To test the photocatalytic performance of LDH powders, LDH powders (15 mg) were used instead of LDH films.
XRD analysis was performed to confirm the crystal structure and phase ( Figure S1 ). Both the structure of NiAl-LDH films and NiFe-LDH films matched well to the typical LDH lamellar structure (JCPDS File No. 48-0594 and 51-0463). According to the (003), (006), and (009) reflections, the basal spacing values were 0.756 nm (NiAl-LDHs) and 0.764 nm (NiFe-LDHs), which coincide well with the values for CO3 2− -intercalated LDH materials [26] . The Fe-doped LDH films displayed a phase of lamellar structures with a slightly lower degree of crystallinity and basal spacing (0.755 and 0.762 nm for Fe-doped NiAl-LDH films and Fe-doped NiFe-LDH films, respectively) which was lower than that of Fe complex-intercalated LDHs (1.214 nm) [27] . This suggests that the interlayer ion of LDHs was CO3 2− and that no Fe complex intercalated in the interlayer. According to the (003) crystal plane spacing, grain size and stacking numbers of LDHs in the direction of the c axis were calculated using the Scherrer formula. The grain size for NiFe-LDH films and NiAl-LDH films were 43.2 and 33.9 nm, respectively, whereas the stacking numbers for NiFe-LDH films and NiAl-LDH films were 57 and 45, respectively.
The chemical state of Fe ions in the LDH films was investigated by XPS spectra. The peaks at 726.28 and 712.78 eV are attributed to the 2p1/2 and 2p3/2 spin states of Fe(III) for LDH lamellar structure [28] [29] [30] [31] [32] as seen in Figure 1a . After Fe ion doping, the positions of Fe 2p3/2 were basically the same (within the experimental uncertainty [33] ), while the peaks for Fe 2p1/2 in both LDH films showed a negative shift of ~0.4 and 0.6 eV, as shown in Figure 1b As seen in Figure 2 , FTIR spectra of all LDH films provide evidence for the presence of intercalated CO 3 2− and interlayered water. After Fe(III) doping, the peak position of CO 3 2− moved toward high frequency (around 1388 cm −1 ) due to the change in charge density by doping Fe(III) into the LDH films [34] . No vibration peak (1290 cm −1 ) for an Fe complex appeared.
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In the presence of Ag ions, the degradation of methyl orange by LDH films was higher as seen in Figure 5b . Figure 6 , pathway 2 shows Ag nanoparticles were reduced from the solution and deposited on the surface of the LDH films, which received electrons and promoted the separation of photogenic electron-hole pairs [41] , thus improving the photocatalytic activity of LDH films. That is, the electron traps of Ag nanoparticles prevented the recombination of electron-hole pairs on Fe(III) ions. The capture of electrons and holes by Ag nanoparticles and Fe(III) ions promoted the separation of electron-hole pairs. As a result, when the concentration of Ag ions increased from 0 to 20 mg·L −1 , there was a large increase in the degradation of methyl orange by Fe-doped LDH films, as shown in Figure 5b .
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For comparison, corresponding LDH powders were also prepared. All of the LDH powders showed similar sheet-like morphology and lamellar structure to that of LDH films, as shown in Figures S2 and S3 . However, as seen in Figure 5b , the photocatalytic degradation of methyl orange by LDH powders was lower than that of LDH films, which confirms that the conductive cloth could facilitate the transportation of photogenerated charges shown in Figure 6a ,b, pathway 1 [23] . However, this comparison is qualitative and we will further study the kinetics of excitons and free carriers in LDH films, for example, the charge transfer dynamics, to obtain the quantitative properties of LDH films [42] [43] [44] . In addition, LDH films could be easily separated from the solution, providing a simple method for the recovery of the catalyst.
We also used FTIR spectra to investigate LDH films after photocatalytic degradation and adsorption experiments, as shown in Figure 5c . After photocatalytic degradation of methyl orange, the peak intensity of CO 3 2− decreased and no obvious peaks for methyl orange were observed. While after adsorption experiments, some peaks for methyl orange were observed. The differences between photocatalytic degradation and adsorption experiments confirm that the degradation of methyl orange in the presence of LDH films was not through adsorption. The LDH films after the photocatalytic reaction were examined by TEM and EDS. No noticeable change was observed in the morphology of LDH films before and after the photocatalytic reaction. LDH films exhibited good stability for the degradation of methyl orange. As shown in Figure 7 , the LDH sheets were transparent to the electron beam, suggesting that they were very thin. The insets in Figure 7a -c show that after the photocatalytic reaction, the HRTEM images taken from one sheet can be indexed to the (0 0 10) plane, which matches well with the reported values of the LDH structure. Figure 7c shows that in the presence of Ag ions, some Ag nanoparticles were observed on the surface of LDH sheets. The lattice spacing of 0.2083 nm can be indexed to the (200) plane of Ag nanoparticles. EDS spectra also confirmed the formation of Ag after photocatalytic reaction, as seen in Figure S5 . Figures S2 and S3. However, as seen in Figure 5b , the photocatalytic degradation of methyl orange by LDH powders was lower than that of LDH films, which confirms that the conductive cloth could facilitate the transportation of photogenerated charges shown in Figure 6a ,b, pathway 1 [23] . However, this comparison is qualitative and we will further study the kinetics of excitons and free carriers in LDH films, for example, the charge transfer dynamics, to obtain the quantitative properties of LDH films [42] [43] [44] . In addition, LDH films could be easily separated from the solution, providing a simple method for the recovery of the catalyst.
We also used FTIR spectra to investigate LDH films after photocatalytic degradation and adsorption experiments, as shown in Figure 5c . After photocatalytic degradation of methyl orange, the peak intensity of CO3 2− decreased and no obvious peaks for methyl orange were observed. While after adsorption experiments, some peaks for methyl orange were observed. The differences between photocatalytic degradation and adsorption experiments confirm that the degradation of methyl orange in the presence of LDH films was not through adsorption.
The LDH films after the photocatalytic reaction were examined by TEM and EDS. No noticeable change was observed in the morphology of LDH films before and after the photocatalytic reaction. LDH films exhibited good stability for the degradation of methyl orange. As shown in Figure 7 , the LDH sheets were transparent to the electron beam, suggesting that they were very thin. The insets in Figure 7a -c show that after the photocatalytic reaction, the HRTEM images taken from one sheet can be indexed to the (0 0 10) plane, which matches well with the reported values of the LDH structure. Figure 7c shows that in the presence of Ag ions, some Ag nanoparticles were observed on the surface of LDH sheets. The lattice spacing of 0.2083 nm can be indexed to the (200) plane of Ag nanoparticles. EDS spectra also confirmed the formation of Ag after photocatalytic reaction, as seen in Figure S5 . 
Conclusions
LDH films and Fe-doped LDH films with different compositions (Ni, Al, and Fe) on the surface of conductive cloth were successfully prepared and applied for photocatalytic degradation of methyl orange in mixed wastewater. All LDH films showed layered structures and were distributed uniformly on the surface of the substrate. They exhibited high photocatalytic performance and could be easily separated from the solution, providing a simple method for the recovery of the catalyst. Benefiting from the electron trap of Ag nanoparticles, the photocatalytic activity of LDH films on methyl orange was improved, and the Fe-doped NiAl-LDH films presented the best visible-light photocatalytic performance. Our study indicates that LDH films can be used in the treatment of mixed wastewater and have broad application prospects for environmental remediation and purification processes. In order to better realize the application of LDH films in wastewater treatment, further research is needed, including 1) to explore different conductive substrates with excellent carrier mobility which could influence the photocatalytic performance of LDHs; and 2) to explore the reducing capacity of LDH films to other heavy metal ions with different Fermi levels in order to prevent hole-electron recombination, thereby enhancing photocatalytic activity. Based on such research, the factors affecting the photocatalytic performance of LDH films can be better understood. 
LDH films and Fe-doped LDH films with different compositions (Ni, Al, and Fe) on the surface of conductive cloth were successfully prepared and applied for photocatalytic degradation of methyl orange in mixed wastewater. All LDH films showed layered structures and were distributed uniformly on the surface of the substrate. They exhibited high photocatalytic performance and could be easily separated from the solution, providing a simple method for the recovery of the catalyst. Benefiting from the electron trap of Ag nanoparticles, the photocatalytic activity of LDH films on methyl orange was improved, and the Fe-doped NiAl-LDH films presented the best visible-light photocatalytic performance. Our study indicates that LDH films can be used in the treatment of mixed wastewater and have broad application prospects for environmental remediation and purification processes. In order to better realize the application of LDH films in wastewater treatment, further research is needed, including 1) to explore different conductive substrates with excellent carrier mobility which could influence the photocatalytic performance of LDHs; and 2) to explore the reducing capacity of LDH films to other heavy metal ions with different Fermi levels in order to prevent hole-electron recombination, thereby enhancing photocatalytic activity. Based on such research, the factors affecting the photocatalytic performance of LDH films can be better understood. By adjusting the structure and composition of LDHs, different types of mixed wastewater containing heavy metal ions and organic compounds can be selectively treated. We envision that our findings will help in further development of new, improved, and more effective LDH films with enhanced photocatalytic activity for the treatment of mixed wastewater.
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